Abstract-In this paper a digital filter is proposed for the generation of smooth set points for motion control systems. The proposed nonlinear filter produces profiles with bounded velocity and acceleration starting from rough reference signals (steps and ramps). An actual implementation of the filter for a tile printing machine is presented and experimental results are reported.
I. INTRODUCTION

S
YNTHESIS of smooth profiles is an important issue in motion control applications, especially when high-level performance is required. This is the case with many industrial applications where fast dynamics and high precisions are required for systems with large inertias and frictions. When rough set points (i.e., steps or ramps) are used, large torques are required to obtain fast dynamics from these systems: this is unsatisfactory from an engineering viewpoint. A proper alternative is the use of smooth set-point profiles (i.e., velocity and acceleration bounded), aiming to limit the torque amplitude while guaranteeing good performances.
This problem is well known in robotics where motion profiles are normally evaluated offline, ensuring continuity in the velocity and, when possible, also in the acceleration profiles [1] . If an optimization procedure is available, trajectories can also be computed to obtain minimum time performances [2] and torque boundness [3] . For the same reason, in motion control systems spline, linear-quadratic profiles, etc., are commonly used for generating smooth electrical axes. A recent approach to this problem is based on the principle of system inversion [4] [5] : given the plant model, the reference signal is evaluated to obtain fast dynamics, with bounded (or null) overshoot, also taking into account the actuators limits [6] .
In all the above approaches the smooth profiles are evaluated offline and only step reference signals are considered. With the smooth profile generator proposed in this paper both these limits are dropped. Smooth profiles are evaluated online by means of a dynamic system, so that they can also be changed while controlling the actual system. For this reason the profile generator is particularly indicated for applications where the rough reference signal is not known a priori.
The basic scheme of this generator has been described in [7] - [9] where both the continuous-time and the discrete-time implementations are reported. It is based on a nonlinear state variable filter that computes minimum-time smooth profiles starting from rough signals (ramps and steps are considered in this paper). The rough reference signal is always reached without overshoot and with zero tracking error. The smooth output of the filter has the first and the second derivatives (velocity and acceleration) bounded with bounds that can be freely changed, even online. Moreover, the first and second time derivatives of the smooth reference signal are always available as outputs of the filter and can be usefully used for adding feedforward actions in the control system.
In this paper an improved version of the digital filter is presented, particularly suitable for applications where bounds on the velocity and on the acceleration need to be continuously changed. Moreover, an actual implementation of the filter for a tile printing machine is presented. In Section II, the specifications for the filter design are obtained by considering the actual control problem (CP). Section III reports the filter structure. In Section IV, the experimental results obtained from the actual plant are reported and discussed, while conclusions are drawn in Section V.
II. CONTROL PROBLEM
The tile printing machine described in the following represents a typical application where the proposed smoothing filter can be used to improve the control performances. The profile generator is suited for applications where rough set-point signals need to be smoothed in order to bound transient dynamics. A typical case is the generation of electrical axes for servomechanisms where piecewise-continuous reference signals (such as ramps or constants) need to be properly joined.
The tile printing machine is mainly constituted by an inked roller whose surface bears one or more images to be impressed on some tiles carried by a conveyer belt. For example, in Fig. 1 three images (indicated by the dark sectors) are impressed on the printing roller. The distance between two adjacent images (in the following described as "nonprinting sector") will be indicated with , while the distance between two adjacent tiles will be indicated by . Tiles are randomly supplied to the conveyer belt, so that is variable and, in general, is different from . Tiles arrival is detected by means of a laser sensor. Each time a tile is detected, an electrical axis (a ramp) is generated for the roller in order to obtain a perfect alignment between images 0278-0046/03$17.00 © 2003 IEEE and tiles (a precision of m is required). The slope of the electrical axis depends on the conveyer belt speed. If no tile is detected, the roller must be stopped in order to wait for new arrivals. Fig. 2 shows all possible situations. Let us indicate the roller reference signal by (angular position). Dashed lines represent the rough set points while the squared signal indicates the phases along with tiles are printed. During these phases a perfect alignment between printing roller and tiles needs to be guaranteed, while transients between adjacent electrical axes are allowed exclusively during nonprinting phases. In the example of Fig. 2 , the distance between tiles 1 and 2 is greater than (i.e., ), so that the printing roller needs to be braked in order to get the alignment with the second axis. The opposite situation occurs during the next transient . After the third tile is printed, the roller is stopped until the laser sensor detects new arrivals.
Normally, is chosen as small as possible to increase the productivity. As a result, transients between electrical axes have to be very fast and precise in order to guarantee a perfect alignment at the beginning of each printing phase. This target can be reached only by smoothly joining all the reference signals.
Keeping in mind our application, it is possible to propose proper requirements for the smooth profile generator. First of all, smooth profiles need to be updated at each transient because changes randomly. Secondly, transient dynamics (i.e. acceleration and velocity of the reference signal) need to be bounded to reduce the mechanical stress. Such bounds have to be continuously changed to account for the changing operating conditions. To reduce the mechanical stress and to minimize the energy consumption and the size of the roller motor, the entire time interval between two adjacent printing phases must be used to align the roller. In such a way, profiles with smaller acceleration and velocity bounds can be adopted. As a result, each transient requires different bounds for the first and the second time derivatives of the reference signal because transient length depends on the random arrival of the tiles.
It has been previously noted that, at the beginning of each printing phase, the roller has to be perfectly aligned with the current electric axis. This implies that the smooth signal has to join the rough reference with zero error before each printing phase starts. Moreover, the profile generator has to provide the first and the second time derivatives of the smooth set point to improve the position controller performance. Both signals can be usefully used to reduce the transient tracking error thus guaranteeing a precise alignment at the beginning of the printing phase.
The basic scheme of the proposed profile generator is the second-order state variables filter shown in Fig. 3 for the continuous-time implementation. Let us denote with the rough reference signal and with the smooth output of the filter. Signals and correspond, according to Fig. 3 , to the first and second time derivatives of the smooth signal .
Owing to mechanical constraints, the roller velocity always has to be non-negative. Consequently, the absolute value of the velocity lower bound differs from the upper. In particular, the upper bound is selected according to the desired dynamics, while the lower bound is set equal to zero. In the following, the upper and lower velocity bounds will be indicated with and , respectively. Moreover, the absolute values of the upper and lower acceleration bounds will be chosen coincident and denoted with . This restriction is not relevant for the control problem considered and could be easily dropped with a minor change in the filter control law.
All requirements listed above can be converted into constraints for the design of the smooth trajectory generator.
Control Problem:
Design a nonlinear state-variables filter whose output tracks "at best" the reference signal with the following specifications.
1) The first and second time derivatives of the output must be bounded
and the bounds can be time varying and can also change during the transients. 2) When a reference signal satisfying relation (1) In the following, the first derivative of the reference signal is assumed to be known. Although this condition ensures some properties when tracking high-order reference signals (ramps, parabolas, etc.) it is not strictly required to track steps or square-wave signals.
The trajectory smoother presented in this work comes directly from that proposed in [9] . A discrete-time implementation is considered because a digital controller is used in the real application.
III. NONLINEAR FILTER
The block scheme of the discrete-time trajectory smoother is shown in Fig. 4 . Two different discrete-time integrators have been used. Variables have the same meanings as in Section II. Subscript " " indicates sampled variables. The sampling period will be denoted by .
A version of the trajectory smoother satisfying the first four requirements of the , but with symmetric bounds on the velocity , is reported and extensively described in [9] . The proposed control law is the following:
where is the tracking error, is the velocity error, is the discrete-time derivative of signal , sat is the saturation function, and is the sliding surface. Signals and are assumed to be known. Moreover, is supposed to be piecewise constant. The behavior of the trajectory smoother can be understood with the help of the phase-plane trajectories ( , ) shown in Fig. 5 . From this figure it is evident that the system state moves always toward the origin (i.e., and ). The proof of the global convergence can be found in [9] . The constraint on the maximum acceleration is satisfied due to the control law (2): cannot be larger than . The bounds on the velocity are satisfied in a finite time owing to the shape of the state trajectories. To understand the system behavior, the phase-plane has been divided into four regions. The trajectories within region are curves (almost always parabolas) with positive acceleration. In minimum time they reach the maximum velocity or the sliding surface . Similar considerations hold for region . The trajectories within regions and reach the sliding surface in finite time, but they do not satisfy in minimum time the constraint on the maximum velocity. This behavior is satisfactory in most cases, but it does not agree with statement 5) of the CP which requires the system to be forced toward the feasible region "in minimum time." To cope with this statement, and to deal with the more general case of asymmetric velocity bounds , the following controller can be used: where , , and are defined in (4)- (6) , and where function provides the upper integer part of its argument. Note that and . Moreover, note that, according to (5) and (6), the two velocities and are the transformed values of the two maximum velocities and . The phase-plane trajectories, obtained when controller is used, are shown in Fig. 6 . Let denote the generic point of the phase plane . The sliding surface is the curve in the phase plane where the control signal is zero: sat . Moreover, the boundary layer is the region of the phase-plane where the control signal is not saturated: sat . In Fig. 6 , the boundary layer is delimited by the two dashed curves, and the sliding surface is the dashed-dotted line placed in the center of . The following property holds.
Property 1. Controller
Solves the Control Problem. Proof: Let us divide the phase plane into four regions.
I)
The region outside the boundary layer: . The state trajectories starting from are parabolas characterized by the maximum value of the control input,
, and due to the particular shape of the phase-plane trajectories (see Fig. 6 ) they reach the boundary layer in "minimum time." II)
The central region of the boundary layer:
. By comparing (3) with (8), it is possible to conclude that inside region both controllers have the same behavior. Hence, as demonstrated in [9] , when the initial state belongs to region the corresponding trajectory reaches the origin in minimum time and without overshoot (see Fig. 7 ). III) The left region within the boundary layer:
. The dynamic model of the trajectory generator in the ( , ) phase plane is the following (see [9] ):
, the control law (7) and (8) provides (14) Substituting (14) in (13), one obtains (15) The solution of system (15) when starting from initial condition is the following:
that is, according to (16), the velocity reaches the maximum value in a single sampling period (i.e., ) and then is kept constant until the state reaches (in minimum time) the region . The phase-plane trajectories within the boundary layer are shown in detail in Fig. 7 . The point ( , ) defined in (9) and (10) has been obtained as the intersection of the horizontal line with the segmented curve sgn [see (8) ]. IV) The right region within the boundary layer:
. The system behavior within this region is quite similar to the previous case and can be treated in the same way. The previous considerations allow us to conclude that, starting from any state inside regions , , and , the region is reached in minimum time and satisfying the velocity and acceleration constraints. Then, from region , the origin is reached in minimum time and without overshoot (see [9] ). The Property is proved.
IV. EXPERIMENTAL RESULTS
The nonlinear state filter has been used to obtain high performance from a commercial controller for tile printing. Discontinuities on electrical axes made it almost impossible to achieve the required precision during the printing phase m by using standard controllers. Moreover, discontinuities were also the reason for large amplitude peaks in the torque set point given by the position controller.
The overall control scheme and a detail of the inner position controller are shown in Fig. 8 . The first block of the overall control scheme generates the nonsmooth electrical axis synchronous with the arriving tile. More precisely, an encoder linked to the conveyer belt and a laser sensor are used to evaluate the tile position and to generate the required axis. The axis slope depends on the velocity of the conveyer belt. The signal is evaluated by differentiating numerically and low-pass filtering the tile position signal . This simple solution gives optimal results because the conveyor velocity is kept almost constant by means of a velocity controller. The nonsmooth axis is then filtered by the smooth profile generator and the resulting signals are sent to the roller position controller. As shown by the detail of Fig. 8 , the roller position is governed by means of a nested position-velocity control loop. Its output is a torque set-point signal used to drive a commercial, torque controlled, brushless motor. The first and second time derivatives of the smooth set point are used to generate feedforward signals for the controller. More precisely, the signals and are used to generate an estimate of the torque set-point signal in order to compensate for the roller friction and inertia.
All measurements reported in the following are directly obtained from the analog outputs of the real commercial controller named CND41-Rotoprint and produced by ARTECO s.p.a. (see Fig. 9 ). The small amplitude noise is due to the error added by the analog acquisition of the signals. The generation of the smooth electrical axis is shown in Fig. 10 . The squared signal indicates the time interval along which a tile is being printed. During this phase a perfect alignment between the roller and the conveyer axes must be guaranteed. The other two signals represent, respectively, the nonsmooth axis generated by the first block of Fig. 8 and the actual roller position . In the example shown in Fig. 10 , tiles are not equally spaced. Two typical situations are reported. In the first case, tiles arrive almost exactly spaced so that only a minor correction is required (the situation is the same reported in Fig. 2 for the transient between tiles 2 and 3). In the second case, the space between tiles is so large that the roller must be stopped. Especially in this case, the action of the nonlinear filter can be appreciated. Indeed, when a new tile is detected the electrical axis becomes strongly discontinuous. Such discontinuities are completely cancelled by the filter. Fig. 11 shows in detail the first two transients of Fig. 10 . As usual, the squared signal indicates the printing phases. Initially, the roller is waiting in one of its parking positions. When a new tile is detected, the state filter generates a smooth profile satisfying the acceleration and velocity bounds. In particular, the sat- uration on the acceleration signal is evident. When the roller and the tile electrical axes coincide, the acceleration goes to zero and the velocity is constant (see the plot). During this phase the tile is being printed. At the end of the printing phase a new tile is sensed: the roller must be aligned with the new axis. After the second tile has been printed, the roller is stopped. The presence of the smooth profile generator strongly improves the performances of the roller position controller. This is evident from the tracking error signal (the difference between the smooth set point and the actual roller position ): error is small not only during tile printing but also during transients. Also, the torque set-point signal shows good characteristics: the required torque during transients is strongly reduced because the acceleration is bounded by the proposed filter. Indeed, the maximum value of is only the double of the torque required to keep constant the velocity during a printing phase.
The velocity and the acceleration signals and are shown in Fig. 12 at the maximum conveyer belt velocity. In this case the tile speed is higher, so that higher dynamics are required to achieve the correct alignment on time: bounds on velocity and acceleration are dynamically scaled acting directly on the parameters and . In general, both and are continuously changed depending on the velocity of the conveyer belt and on the distance . The purpose, as stated in Section II, is to obtain a correct alignment with moderate velocities and accelerations. The parameter is, from this point of view, very critical. If tiles arrive too frequently (i.e., is too small), the required accelerations could be excessive. This critical situation is revealed by the torque compensator (see Fig. 8 ) which demands a torque larger than the maximum motor torque, so that the correct alignment cannot be obtained on time. 
V. CONCLUSIONS
In this paper, a digital state-variable filter has been proposed for the generation of smooth profiles for a motion control system. The filter has been designed taking into account constraints deriving from an actual control problem.
Experimental results obtained from an actual commercial implementation of the controller have been reported. Such results show the positive effects that the proposed filter has on the controlled system: small tracking errors and reduced maximum torque values. The design of a three-order filter is under study, with the aim of imposing bounds also on the jerk signal.
